The performance of the Li/LiNi 0.5 Mn 1.5 O 4 cells cycled to 5.0 V (vs. Li/Li + ) using 1.0 M LiPF 6 -EC/DMC (1/1, v/v) with and without dimethoxydiphenylsilane (DDS) at 25°C has been investigated. Cells with 1% DDS added deliver slightly lower initial discharge capacity than the cells with baseline electrolyte, 115.3 vs. 120.9 mAh g −1 . Electrochemical methods and ex-situ analytical techniques, including TGA and SEM, are employed to conduct the interfacial chemistry of LiNi 0.5 Mn 1.5 O 4 /electrolyte to better understand the improved electrochemical performances of the cells with introduction of DDS. The results indicate that DDS can be electro-oxidized and participates in the formation of the surface layer on cathode electrode, which prevents electrolyte from further decomposition and promotes Li + conduction of the cathode/electrolyte interphase, thus improves the electrochemical performances of Li/LiNi 0.5 Mn 1.5 O 4 cells.
Introduction
Lithium ion battery (LIB) has been extensively used for portable electronic devices and energy storage due to many merits, such as high energy density and power capability. [1] [2] [3] While on the application of LIB as power source for electric vehicles, its energy density needs to be improved. Many researches are being focused to increase the energy density by developing high-voltage cathode materials. LiNi 0.5 Mn 1.5 O 4 (4.9 V vs. Li/Li + ) is one of the most promising cathode materials due to its low cost, abundance and excellent high rate performance. [4] [5] [6] However, charging LiNi 0.5 -Mn 1.5 O 4 cathode to high voltages (above 4.5 V vs. Li/Li + ) is always accompanied by significant decomposition of the electrolyte, forming a highly resistive surface film on the cathode, which results in relatively sluggish kinetics of the electrode, and thus leads to the capacity fading in the following cycles. [2] [3] [4] [5] [6] Many efforts have been proposed to inhibit the detrimental reactions on the high-voltage cathode materials, including surface modification of LiNi 0.5 Mn 1.5 O 4 with metal compounds such as ZnO, AlF 3 , ZrO 2 , ZrP 2 O 7 , SiO 2 , BiOF. [6] [7] [8] [9] [10] The surface modification method improves the cyclic stability but sacrifices the discharge capacity of the high-voltage materials, and these inorganic compounds tend to act as an inert layer to ionic conduction. Novel solvents like lactone and sulfone have also been tried to solve this problem. Although they were reported to be stable at 5.0 V (vs. Li/Li + ), most of them have high viscosity and do not favor formation a protective surface film on the electrodes. 11, 12 These limitations motivate researchers to demonstrate a more effective and easier way through adding functional additives into the electrolyte. We previously investigated tri (pentafluorophenyl) phosphine (TPFPP) as an electrolyte additive, and verified that TPFPP can be preferably oxidized on cathode electrode, forming a protective film or an SEI on the cathode, thus improves the cycling performance of high-voltage LIB.
2 Dimethoxydiphenylsilane (DDS) was recently reported as overcharging protection additive for lithium-ion battery due to the formation of an electro-polymerized layer during overcharge state. 13 In terms of our previous results, we adopt the idea that DDS could be sacrificially oxidized on the cathode surface, and eventually formed an electro-polymerized layer, which might inhibit the decomposition of electrolyte upon cycling at high-voltage and thus improves the cycling performance at high voltage. Herein, the utilization of DDS as an additive for enhancement in cyclability of high-voltage lithium ion battery with LiNi 0.5 Mn 1.5 O 4 as cathode is investigated via the combination of multi-electrochemical methods, and ex-situ surface characterizations. The benefit and functional mechanism by incorporation of DDS to the enhanced cyclability of Li/LiNi 0.5 Mn 1.5 O 4 cell upon cycling at high voltage is well addressed in this manuscript.
Experimental
Battery-grade carbonate solvents and lithium hexa-fluorophosphate (LiPF 6 ) were obtained from Guangzhou Tinci Materials Technology Co., Ltd. Dimethoxydiphenylsilane (DDS) was purchased from Sigma-Aldrich and was further purified by distillation. The composition of the blank electrolyte (STD) was 1.0 M LiPF 6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1/1, in volume). The LiNi 0.5 Mn 1.5 O 4 electrode was prepared with the mixture of 80 wt% LiNi 0.5 Mn 1.5 O 4 (Sichuan Xinneng Advanced Material Co., China), 5 wt% acetylene carbon black, 5 wt% Super-P and 10 wt% PVDF binder. The mixed slurry was coated on Al foil and dried in vacuum oven for further use.
Coin cells were fabricated with LiNi 0.5 Mn 1.5 O 4 electrode as the positive, lithium foil as the negative and Celgard trilayer 2025 as the separator. They were cycled at room temperature (25°C) with following cycling protocol: constant-current and then under constant-voltage (CC-CV mode) charge and discharge at constantcurrent on LAND test system (CT2001A, China). The electrochemical impedance spectroscopy (EIS) measurements were carried out at discharge state (SOC = 50%). The AC perturbation was 5 mV with 5 Hz to 10 mHz by using a PGSTAT-302N electrochemical station (Autolab, Metrohm Co., Netherland). The data were fitted using Nova version 1.10 software. All the measurements were performed at room temperature (25°C).
The chemistry of the surface layer on LiNi 0.5 Mn 1.5 O 4 electrode was characterized by TGA and SEM. The disassembled LiNi 0.5 -Mn 1.5 O 4 cathodes were rinsed with anhydrous DMC solvent 3 times to remove residual EC and LiPF 6 salt, followed by vacuum drying overnight at room temperature. Morphologies of the fresh and cycled cathodes were performed on SEM (JSM-6510, JEOL Co., Japan). TG measurement was conducted on TGA thermogravimetric analyzer (Perkin-Elmer, USA) in N 2 at a scan rate of 10°C min ¹1 from room temperature to 600°C.
Results and Discussion

Cycling performance
In order to investigate the cycling performance of Li/LiNi 0.5 -Mn 1.5 O 4 cell with DDS added in the blank electrolyte (1.0 M LiPF 6 -EC/DMC (1/1, in volume)), coin cells were fabricated and cycled at room temperature (25°C). The cells were charged and discharged between 5.0 and 3.5 V at 0.1 C for the first two formation cycles, and then cycled at 0.5 C for the following 98 cycles. Figure 1a shows the charge-discharge profiles of the initial forming cycles of Li/ LiNi 0. /Ni 4+ , respectively. It is clear that the voltage rises up sharply to 5 V after a long period of charging for the cell without DDS. With regards to the cell with DDS, dramatic changes can be observed during the charging process. As can be seen that the plateaus at ³4.7 and 4.75 V almost disappeared and a prolonged charging process emerged when charged up to 4.7 V. This is ascribed to the co-oxidation of DDS in the electrolyte. It is believed that the introduction of DDS into the electrolyte can consume the charge capacity to form a polymerized layer on the LiNi 0.5 Mn 1.5 O 4 cathode, which postpones the sharp voltage rising during the charging process. 13 The effects of DDS additive on the cycling stability of Li/ LiNi 0.5 Mn 1.5 O 4 cells charged and discharged between 5.0 and 3.5 V were evaluated. As depicted in Fig. 1b , after the initial two forming cycles at 0.1 C, the discharge capacity of the following cycles at 0.5 C of the cell with 1%DDS is 115.3 mAh g ¹1 , slightly lower than the cell without the additive (120.9 mAh g ¹1 ). This lower discharge capacity may be caused by the irreversible electro-polymerizing of DDS during the forming cycles, as evidenced by its lower charge/discharge coulombic efficiency, 44.3% for the cell with DDS added, while 76.7% for the cell without DDS. The low coulombic efficiency for the initial cycles of the cell with 1% DDS is due to the continuous oxidative reaction of DDS on the cathode. As Fig. 1b shows, the coulombic efficiency of the cell with 1% DDS increase to 96% at the 11th cycle, slightly lower than the cell without DDS (97.6%). The discharge capacity of the cell with DDS added continuously increases upon cycling, and delivers a capacity of ³120.5 mAh g ¹1 at 17th cycle, almost the same as the cell without DDS. With the increasing of cycle numbers, the discharge capacity of the cell without additive is gradually fading (114 mAh g ¹1 after 100 cycles) and retained 93.2% of its initial capacity, while the capacity retention of the cell with 1% DDS added is improved to 97% (118.1 mAh g ¹1 after 100 cycles). Obviously, the addition of DDS into the electrolyte improves the cyclic stability of the highvoltage Li/LiNi 0.5 Mn 1.5 O 4 cell.
The rate capability of the cells with and without DDS in the electrolyte was investigated and displayed in Fig. 2 . The cell without DDS in the electrolyte has higher discharge capacity at 0.1 C. As the discharge rate is up to 0.5 C, the cells with and without DDS is almost the same. And when the discharge rate increases, the cell with DDS provides nearly 98.5 and 47.8 mAh g ¹1 at 1 C and 2 C rate, respectively, while the cell without DDS deliveries only 63.1 and 5.6 mAh g It should be noted that although the cell with 1% DDS has a low discharge capacity at the initial cycles, but it gradually increases upon the ongoing cycles. After 25 cycles, the discharge capacity of the cell with DDS added exceeds the cell without additive, and then experiences slower capacity fading thereafter. To understand the 
Electrochemical impedance spectroscopy
The capacity loss of a Li-ion cell during cycling is mainly caused by both the lithium loss resulted from lithium-consuming SEI layer growth and the growth of interfacial resistance. 14 To further investigate the effect of DDS on LiNi 0.5 Mn 1.5 O 4 electrode, electrochemical impedance spectroscopy of the cells with and without DDS were measured. Figure 3 shows the impedances of the cells obtained at different cycles on discharged state (SOC = 50%). All the spectra contain a semicircle in the high-medium frequency range and a short straight line in the low frequency range. The highmedium frequency semicircle can be assigned to the interfacial layer resistance and the charge-transfer reaction resistance, which reflects the Li-ion transport at the surface of the LiNi 0.5 Mn 1.5 O 4 particles. 15, 16 For the cell without DDS, the impedance increases about one time after 51 cycles, suggesting that the surface layer on the LiNi 0.5 Mn 1.5 O 4 particles grows and becomes thicker and thicker, which affects the reversibility of Li + extraction/insertion from/into the cathode materials. As we can clearly see from Fig. 3 , the cell with DDS has the highest impedance at the first cycle, corresponding to the polymerized product developed on the LiNi 0.5 Mn 1.5 O 4 surface. The higher impedance of polymerized film causes sluggish Li + insertion/extraction process and low coulombic efficiency at the initial several forming cycles (Fig. 1b) . It is interesting that the impedance at the 11th cycle of the cell with DDS diminished to a much smaller value (about a half of the 1st cycle), and exhibited slower growing rate after 51 cycles. The reason for the impedance decrease in the later cycles is not clear at this point, but is likely related to the enhanced structural integrity and better for Li
To obtain the quantitative results, all the spectra were fitted and presented in Table 1 , where R s is the electrolyte resistance; R sei +R ct and CPE represent the interfacial layer resistance combined with the charge-transfer resistance, and the corresponding double-layer capacitance, respectively. The fitted values of R sei +R ct and the total cell resistance (R cell ) are plotted as a function of the cycle number in Fig. 4 . The R cell value of the Li-ion cell is predominated by the R sei +R ct value, which reflects the kinetics of the cell reactions. 17 Amine and co-authors verified that the capacity loss of the cell is due to an increase in cathode impedance, especially charge-transfer resistance. 18, 19 As indicated in Table 1 and Fig. 4 , the plots of R sei +R ct against the cycle number are quite similar to those of R cell , and the R cell of the cell without DDS is higher than that of the cell with 1% DDS and increases quickly after 11 cycles. This finding is in line with the better kinetics of the cell with DDS, supporting the assumption that an ionic conductive film can be formed on the cathode surface after several forming cycles. It means that Li + migration through the surface film can be prompted after the activating cycles, which is helpful for the insertion of Li + into the LiNi 0.5 Mn 1.5 O 4 particles, thus improves the cycling performance of Li/LiNi 0.5 Mn 1.5 O 4 cell.
Surface chemistry of the cycled electrodes
In order to investigate surface information of LiNi 0.5 Mn 1.5 O 4 cathode after cycled in the electrolyte with DDS containing, we studied the surface chemistry of LiNi 0.5 Mn 1.5 O 4 electrodes using ex situ thermo-gravimetric analysis (TGA) and scanning electron microscopy (SEM). Electrochemistry, 82(12), 1052-1055 (2014) electrolyte (solid line) and DDS containing electrolyte (dot line). It is shown that the weight losses of the cathodes cycled in the electrolyte with and without DDS containing are much more significant comparing to the fresh one, indicating the formation of the surface film derived from the decomposition of the electrolyte. Furthermore, the cathode cycled in the DDS containing solution has less weight loss than the one cycled in the blank electrolyte, and this may be due to the different surface chemistry on the cathodes. To further evidence the different surface film on the cycled LiNi 0.5 Mn 1.5 O 4 cathodes, scanning electron microscopy (SEM) was performed. Figure 6 shows the SEM images of a fresh LiNi 0.5 -Mn 1.5 O 4 electrode (a) before the exposure to electrolyte and the electrodes after 100 cycles without (b) and with additive (c). The fresh bulk particles show sharp edges ranging from few hundred nanometers to several microns and the surface of the electrode is clean. The sharp edges of the fresh cathode particles are dulled and rounded after cycling in baseline electrolyte. We can clearly see tiny particles corresponding to the decomposition of electrolyte upon cycling at high voltage are deposited on the surface of bulk LiNi 0.5 Mn 1.5 O 4 particles. In addition, the structure of bulk LiNi 0.5 Mn 1.5 O 4 particles have changed upon cycling in baseline electrolyte. However, the structure of the bulk LiNi 0.5 Mn 1.5 O 4 particles are maintained well upon cycling in DDS containing electrolyte. The damage to the structure of the bulk LiNi 0.5 Mn 1.5 O 4 particles results in the dissolution of Mn or Ni upon cycling at high voltage. In terms of the SEM observations, we can speculate that the formed polymer film derivate from electro-polymerized of DDS inhibits the decomposition of electrolyte, and alleviates the dissolution of Mn or Ni as well upon cycling at high voltage, which accounts for the enhanced cycling performance of cells with DDS added electrolyte.
Conclusions
Dimethoxydiphenylsilane (DDS) can be used as an electrolyte additive for improvement of cycling performance for high voltage (5.0 V) lithium ion batteries. It can be electro-oxidized on cathode electrode prior to the carbonate solvents, forming a polymerized layer on the cathode materials, which prevents electrolyte from further decomposition. The polymerized layer possesses highly ionic conductivity after cycling and thus improves the kinetics on the 
